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S U M M A R Y
For the subsurface characterization of carbonates, linking physical properties (e.g. porosity
and seismic reflectors) with their geological significance (e.g. sedimentary facies and diage-
nesis) is of primary importance. To address this issue, we study the lacustrine and palustrine
carbonates on Samos Island through a geological and geophysical characterization of a sed-
imentary succession. The microstructures of the samples are described, and the samples’
physical properties are measured (porosity, P-wave velocity and density). The results show
that the identification of only the primary (i.e. sedimentary) microstructure is not sufficient
for explaining the huge variations in porosity and P-wave velocity. Hence, we highlight two
early diagenetic processes that strongly impact the microstructures and control the physical
properties: (i) neomorphism occludes porosity and increases the P-wave velocity of mud- and
grain-supported microstructures, which implies a mineralogical stabilization of the grains;
(ii) conversely, the dissolution process creates porosity and decreases the P-wave velocity of
grain-supported microstructures if the mineralogical composition of the grains is not previ-
ously stabilized. These two diagenetic processes thus depend on the primary microstructures
and mineralogy of the sediments. This work aims to explain the variations in porosity and
P-wave velocity for each defined primary microstructure. A 1-D seismogram is then built
to highlight seismic reflectors with a metre-scale resolution. These reflectors are associated
with several geological contrasts. Hard kicks (positive amplitude reflectors) match well with
exposure surfaces related to palaeosols. They correspond to contrasts between non-modified
primary microstructures and highly neomorphosed microstructures. Conversely, soft kicks
(negative amplitude reflectors) are linked with diagenetic contrasts (e.g. neomorphosed mi-
crostructures versus non-modified primary microstructures) and sedimentary contrasts that
can be overprinted by diagenesis (e.g. neomorphosed mud-supported microstructures versus
dissolved grain-supported microstructures). This study highlights that high-resolution seismic
reflectors of lacustrine and palustrine carbonates are strongly related to the spatial contrasts of
primary microstructures overprinted by early diagenesis.
Key words: Microstructure; Geomechanics; Hydrology; Acoustic properties; Wave propa-
gation; Sedimentary basin processes.
1 I N T RO D U C T I O N
Seismic reflectors are driven by contrasts in acoustic impedances
(AI, product of P-wave velocity with density). For pure carbonate
rocks, the P-wave velocity (and thus AI) is mainly controlled by the
porosity (Rafavich et al. 1984; Guerin & Goldberg 1996) and its
geometry (Anselmetti & Eberli 1993; Weger et al. 2009; Fournier
et al. 2018). This property is related to the ‘primary microstruc-
ture’ acquired during the deposition of sediments (type of grains
and matrix, grain packing, primary pore types and sedimentary
fabric) and modified during diagenesis (bio-physicochemical evo-
lution of microstructure after deposition, secondary pore types and
diagenetic fabric) to form a ‘secondary microstructure’. Indeed, the
diagenetic evolution of carbonates may largely modify their primary
microstructure through dissolution (creating porosity), cementation
(destroying porosity) or recrystallization processes, thus impacting
the physical properties such as density, elastic moduli and elas-
tic wave velocities. The great diversity of primary and secondary
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microstructures in lacustrine carbonates (Alonso-Zarza & Tanner
2010a,b) results in a large range of physical properties that may im-
pact their seismic expression, such as the seismic facies or potential
reflectors (Soete et al. 2015).
Based on stratigraphic principles, seismic reflectors are com-
monly used to decipher sedimentary architectures in the subsur-
face (‘seismic stratigraphy’ of Vail et al. 1977) and describe the
tectonosedimentary evolution of sedimentary basins (Mbida Yem
et al. 2011). These geological concepts postulate that a laterally
continuous reflector corresponds to an isochronous time line in the
geological record. Nevertheless, these concepts do not consider the
diagenetic evolution of carbonates, which can affect microstruc-
tures and strongly impact physical properties (Anselmetti & Eberli
1993; Kenter et al. 1997; Eberli et al. 2003; Brigaud et al. 2010;
Machek et al. 2018). Indeed, as shown by Fournier & Borgomano
(2007), cementation of porosity in carbonates increases their acous-
tic impedance, modifying the seismic reflectivity and thus creating
reflectors that can crosscut ‘stratigraphic’ time lines. This diage-
netic control of seismic properties known as seismic diagenesis
(Davies & Cartwright 2007) has been described for siliciclastic
rocks (Avseth et al. 2000; Jarrard et al. 2000) and is also important
for carbonate reservoirs because of its wide impact on seismic imag-
ing (Wagner 1997; Fournier & Borgomano 2007). For example, a
collapsed karstic network (by-product of meteoric diagenesis) may
cause disrupted and/or crosscut seismic reflectors (e.g. Hardage et
al. 1996). The integration of sedimentological and diagenetic de-
scriptions together with physical characterization is thus crucial
to understanding the geological origin of acoustic properties and
seismic reflectors in carbonates.
In this context, synthetic seismic modelling is a powerful tool
ordinarily used to compare real seismic data with core description
and wireline logging data (including sonic and density data). The
goal of this tool is to be predictive of subsurface geology at a large
scale (Anselmetti et al. 1997). It is also used to create seismic mod-
els of outcrop analogues and compare them to subsurface seismic
data (Zeller et al. 2015; Kleipool et al. 2017; Jafarian et al. 2018).
It is therefore of primary importance to be able to understand what
controls the geological expression of seismic reflectors if one wants
to use such models in an appropriate manner. In this paper, a high-
resolution characterization of the geological and physical properties
of lacustrine carbonates is proposed based on the Tortonian Hora
formation (Samos island) because of its well-preserved geological
history. A thorough geological characterization allows us to de-
scribe the outcrop-scale structures to the microstructure of samples
and identify the main diagenetic processes. Then, porosity, P-wave
velocity and density data are measured to build a 1-D synthetic
seismic model, which is compared to geological information. Fi-
nally, we discuss the main controlling parameters of the physical
properties of the studied carbonates and the geological significance
of the highlighted seismic reflectors.
2 S T U DY A R E A A N D M E T H O D O L O G Y
The study area is located in the Mytilini Basin of Samos Island,
a Greek island in the eastern part of the Aegean Sea, near Turkey
(Figs 1a and b). This basin presents Upper Miocene sedimentary
infill with a huge diversity of rocks (volcaniclastic, siliciclastic and
carbonate rocks) distributed in four lithostratigraphic formations
(from base to top: Pythagorion, Hora, Mytilini and Kokkarion For-
mations, according to Weidmann et al. 1984; Fig. 1c). Due to the
presence of radiochronological analyses on volcanic rocks (basalt
and volcaniclastic deposits), palynological study and mammal fauna
description (restricted to the Mytilini formation), the age of these
deposits is well constrained (Pe-Piper & Piper 2007; Ioakim &
Koufos 2009; Koufos et al. 2011). Our study focuses on the top-
most part of the Hora formation, which is composed of lacustrine
and palustrine carbonates. These carbonates are located right be-
low a major erosional surface (Hora-Mytilini transition, Fig. 1c)
associated with a generalized exposure of the sedimentary system
according to Weidman et al. (1984) and Stamatakis et al. (1989).
This exposure may have resulted from tectonic uplift (compressive
phase of Ring et al. 1999) and/or an increase in aridity causing a
global drying of the lake (Owen et al. 2011). We describe a 40 m
thick sedimentary succession on which high-resolution sampling
is performed (one sample every 20 cm along a vertical section)
to acquire physical properties alongside geological information. It
should be noted that the succession is not continuous because of
visibility gaps (presence of vegetation). Depending on the sample
size, plugs were cored with a diameter of 23 mm for 81 samples and
40 mm for 20 samples.
A total of 52 thin sections (impregnated with blue epoxy to iden-
tify the pore space) were observed using conventional microscopy
(PPL: plain polarized light, XPL: cross-polarized light). Dunham
(1962) and Choquette & Pray (1970) classifications are used to
describe the limestone textures and porosity. Moreover, the main
diagenetic phases are identified and organized chronologically ac-
cording to their relative timing deduced during petrographic anal-
ysis (paragenesis) using cathodoluminescence microscopy (CL).
Quantification of diagenetic features is performed visually (relative
intensity from (0) absent to (4) intense). Additional SEM observa-
tions are performed to better characterize the morphology of micrite
crystals and image the potential microporosity of a few samples.
X-ray diffraction (XRD) is conducted on bulk powder of 50
samples to assess the mineralogy. For the preparation of samples,
an agate mortar is used to avoid any contamination during grinding.
We performed the measurements with a Rigaku RINT-2500 at 50 kV
and 300 mA using Cu-Kα range radiation and a scan speed of
0.05◦ 2θ s−1. Semi-quantitative analyses of the obtained diffraction
patterns are carried out using the reference intensity ratio method
of MATCH! Software (Crystal Impact).
The porosity and density of the 101 plugs are measured with the
triple-weight method by assessing the plug mass under three differ-
ent conditions: fluid-saturated, suspended in the saturating fluid and
dried. P-wave velocities are obtained on dry samples using 500 kHz
P-transductors connected to an oscilloscope. The arrival times of
P-waves (first break) are directly measured on the oscillograph and
divided by the length of the sample to calculate the P-wave velocity.
The precision of the velocity measurements is mainly dependent
on the first break picking (error <5 per cent). Then, porosity, den-
sity, P-wave velocity and AI are correlated with the sedimentary
succession, and a Kernel regression is performed to highlight the
vertical trends of the physical properties (smooth curves with a 95
per cent confidence interval). Finally, based on the laboratory data
set, a synthetic seismic analysis is performed along the sedimen-
tary succession (see Jafarian et al. 2018 for the equations) using
EasyTraceTM Software. Notably, unsampled zones (e.g. powdery
volcaniclastic layers, clay layers and marly levels) may impact real
seismic data and are not considered in our model. The acoustic
impedance is calculated, and its vertical variations are used to com-
pute the reflectivity coefficient (RC). A convolution is performed
on this coefficient to create zero-offset seismic traces (1-D) using
an analytical Ricker wavelet with a central frequency of 500 Hz.
Assuming a P-wave velocity in the range of 2000–6000 m s−1, this
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Figure 1. General framework: (a) Location of Samos Island in the Aegean Sea. (b) Sedimentary basins of Samos Island and position of the study area
(N37◦44′21′′; E26◦53′45′′). (c) Stratigraphic column modified after Weidmann et al. (1984) showing the sedimentary infill of the Mytilini Basin divided into
four lithostratigraphic formations. The stratigraphic location of our studied section is highlighted in red.
frequency implies a quarter wavelength criterion (wavelength/4) in
the range of 1–3 m, that is, seismic reflectors of 1–3 m (limit of
resolvability sensu Al-Chalabi 2014), a resolution close to that ob-
tained with crosswell seismic (∼3 m sensu Harris et al. 1995). This
resolution aims at characterizing metre-scale impedance contrasts.
3 M I C RO S T RU C T U R E S , S E D I M E N TA RY
S E T T I N G A N D P H Y S I C A L DATA S E T
3.1 Microstructures of samples
3.1.1 Description of primary microstructures and mineralogical
composition
Four different primary microstructures are identified within the
limestones (Fig. 2a). Clotted mudstone and wackestone samples
(M1, Fig. 2a-1) contain mainly microporous peloids (spherical to
ovoid structureless micritic carbonate grains) embedded in a mi-
critic matrix (calcite crystals with a size less than to 4μm). These
samples contain an intercrystalline microporosity, localized be-
tween the subrounded micrite crystals (Fig. 2c1-2-3) and a few
mouldic pores (dissolution of peloids). They have mineralogy close
to pure calcite (CaCO3 ∼ 99 per cent; Table 1). Peloidal packstone
samples (M2; Fig. 2a-2) present a grain-supported fabric. Their
micritic matrix as well as the peloids and ooids are microporous.
They show a nearly pure calcite mineralogy (CaCO3 ∼ 98 per cent;
Table 1). Grainstone samples (M3; Fig. 2a-3) contain a high pro-
portion of peloids, a few bioclasts, a few quartz grains and some
micritized ooids. In these samples, the grains are embedded in a
sparitic cement (calcite crystals with a mean size of 20 μm). They
are composed of pure calcite (CaCO3 ∼ 99 per cent; Table 1) ex-
cept for two samples that present a higher proportion of siliciclastic
material (clay, quartz and a few feldspars). Finally, silty packstone
(M4; Fig. 2a-4) contains gastropods, ostracods, many microporous
peloids and silt-sized quartz embedded in a microporous micritic
matrix. Clay nodules are identified in thin sections, as is an intra-
particle porosity partially filled by a calcite cement. Obviously, these
silty packstones exhibit a non-negligible amount of siliciclastic ma-
terial (CaCO3 ∼ 95 per cent; Table 1). Two other non-limestone
rocks are recognized in the studied sedimentary succession: marls
and volcaniclastic layers. Given their lithology, it was not possible
to realize any sampling in these layers, and they were not studied in
this paper.
3.1.2 Description of secondary microstructures modified by
diagenesis
The different primary microstructures described above show evi-
dence of diagenetic modifications (Figs 2b and c). The main di-
agenetic phases identified are organized chronologically (parage-
nesis in Fig. 3a). During sedimentation, grain micritization could
occur (sensu Purser 1980). It consists of micrite envelopes that
develop around grains and may completely obliterate the primary
grain structure (e.g. gastropods, ostracods and ooids, see examples
in Figs 2b-4 and 3b-1). This process may be due to micro-boring by
endolithic algae around the grains, infilled by low-magnesian calcite
(a stable mineralogy; Swirydczuk et al. 1979). In addition, for ooids
and peloids primary made of aragonite or high-magnesian calcite
4 C. Bailly et al.
Figure 2. (a) Illustration of the different primary microstructures (porosity is in blue): 1. Microscopic PPL view of a clotted mudstone-wackestone with few
peloid moulds; 2. Microscopic PPL view of a packstone showing peloids, ooids, and partially cemented porosity; 3. Microscopic PPL view of a grainstone
showing ooids and peloids embedded in sparitic cement; 4. Microscopic PPL view of a packstone with gastropods, peloids and clay nodules (cl.). (b) Secondary
microstructures modified by diagenesis (porosity is in blue): 1. Macroscopic view of root traces (white arrows) in a wackestone sample; 2. Microscopic PPL
view of an exposure surface (red arrow) associated with a cemented root trace (white arrow, c) and a neomorphosed mottled matrix; 3. Microscopic PPL view
of a grainstone with neomorphosed peloids (N) and interparticle cement (c); 4. Microscopic PPL view of mouldic pores (M) in a grainstone, indicating the
dissolution of ooids and peloids. Note also the micritization of ooids (white arrow). A partially dissolved peloid is highlighted with a white dashed circle.
(c) Primary versus secondary micrite morphology. 1. Enlarged microscopic view of a microporous wackestone showing a brownish matrix. 2. SEM view of
the microporous matrix composed of subrounded micrite. 3. Magnified view of subrounded micrite crystals (a micropore is indicated by the white arrow). 4.
Enlarged microscopic view of a tight wackestone showing a whitish matrix. 5. SEM view of the tight matrix composed of fused micrite. 6. Magnified view of
fused micrite crystals (coalescence of micrite is indicated by the white arrow).
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Table 1. Calcite content of 50 samples grouped by microstructures. The means and standard deviations of microstructures 1, 2 and 3 present the highest
content of calcite (always >97 per cent), whereas microstructure four shows a slightly lower calcite content (<95 per cent).
Calcite content
(percent) Microstructure 1 (n = 17) Microstructure 2 (n = 5) Microstructure 3 (n = 23) Microstructure 4 (n = 5)
Mean 99 98 99 94
StDeva 1 1 2 2
Minimum 96 96 92 91
Maximum 100 99 100 95
(an unstable mineralogy), micritization may allow preservation of
a possible subsequent dissolution (Fig. 3b-1). This process only af-
fects packstone and grainstone microstructures. At the macroscale,
either in the field or in samples, root traces can be identified, which
suggests pedogenesis associated with exposure, a typical process
of palustrine environments (Alonso-Zarza 2003; Fig. 2b-1). Below
these exposure surfaces associated with root traces, the microstruc-
ture is highly modified by neomorphism (sensu Folk, 1965), which
is the earliest diagenetic process of post-depositional paragenesis
(Fig. 3a). Neomorphism is characterized by recrystallization and
possible mineralogical stabilization of unstable mineralogy (Fig. 2b-
2-3). For mudstones and wackestones, neomorphism enhances the
overgrowth and cementation of the micrite crystals of the matrix
(fused micrite in Fig. 2c-5-6), while for grainstones, this process in-
creases crystal sizes of peloids and micritized ooids (Fig. 2b-3). As
a general observation, neomorphism induces a decrease in poros-
ity. Under CL, the neomorphosed grains appear non-luminescent
(Fig. 3b-2-3). If neomorphism is absent, dissolution of the unsta-
ble carbonate grains could occur subsequently (Fig. 3a), creating
mouldic porosity (M on Fig. 2b-4). This dissolution phase mainly
affects grainstones (Fig. 2b-4) and increases the porosity. Differ-
ent intensities of dissolution are observed, from a nearly complete
dissolution (M of Fig. 3b-4) down to micromouldic pores (μM of
Fig. 3b-5). After dissolution, a microgranular cement (crystal sizes
of 10–20μm) partially occludes the porosity, affecting mainly the
peripheries of the grains together with the inner part of previously
dissolved grains (Fig. 3b-6-7). Under CL, this cement is subdivided
into two growth stages, a first one that is non-luminescent and a sec-
ond one that is bright orange (C1 and C1b, respectively, in Fig. 3b-
7-11). Then, evidence of minor compaction is observed in grain-
stones (Fig. 3a). The grainstones exhibit a compacted arrangement
of grains with punctual concavo-convex contacts highlighted by the
microgranular cement remnants (Fig. 3b-8-9). Finally, a sparitic ce-
ment (Fig. 3a and c on Fig. 2b) may partially or totally occlude the
interparticle porosity, intraparticle porosity and mouldic porosity.
This cement exhibits two growth stages, a first dull orange stage
and a second non-luminescent stage (C2 and C2b, respectively, in
Fig. 3b-10-11). The combination of the primary microstructures
and the diagenetic modifications implies a large diversity of final
(secondary) microstructures that can have an impact on the physical
properties (porosity, density and P-wave velocity).
3.2 Depositional environments
Based on the identification of the different microstructures (Fig. 2)
and the description of their vertical stacking and lateral extent
(Fig. 4), we built a simple depositional model for our study case,
which is divided into three different domains (Fig. 5). Our model
mimics the ramp-type lake margin of Platt & Wright (1991).
First, a low energy distal to marginal domain is proposed. It is
represented by peloidal mudstones and wackestones, without any
hydrodynamic-related sedimentary structures (M1; Fig. 2). Later-
ally, a moderate to high energy marginal domain is identified. It is
associated with peloidal packstones and grainstones (M2 and M3;
Fig. 2). Some grainstone beds exhibit an erosional base, oolites and
angular quartz grains (interpreted as clastic supply by fluvial in-
puts). The grain-supported fabric, bedding and allochems suggest
moderate to high hydrodynamism. Fluvial inputs are characterized
by the presence of silt-sized quartz in the lake, allowing the depo-
sition of silty packstones (M4; Fig. 2). Finally, a palustrine domain
is recognized and corresponds to lacustrine carbonates that show
evidence of repeated exposure (Figs 2–4). The occurrence of root
traces strongly suggests pedogenic activity that may impact the pri-
mary microstructures. Laterally from these palustrine carbonates, a
floodplain domain allows the accumulation of metre-thick clayey to
marly layers. It should be noted that volcaniclastic layers can also
occur within the sedimentary succession, suggesting volcanic ac-
tivity during deposition, as previously outlined by Pe-Piper & Piper
(2007), Owen et al. (2011) and Weidmann et al. (1984).
3.3 Description of the vertical evolution of
microstructures and physical properties
The different microstructures described previously are compared
with the physical properties of samples (Fig. 6). The lower 5 m
of the succession are mainly composed of highly stratified clotted
mudstones and wackestones and are capped by 2 m of grainstones
(see panel 1 of Fig. 4). A thick volcaniclastic layer is identified
between 6.8 and 7.8 m and marks a transition to an alternation
of decametric to pluricentimetric beds of wackestones, packstones
and grainstones (until 14 m, panels 2 and 3 of Fig. 4). These beds
display some episodic exposure surfaces expressed by root traces
and neomorphism (8.2, 10.2 and 12.2 m), which correspond to the
red lines in panels 2 and 3 in Fig. 4. Some metric beds of grainstones
are observed between 23 and 29 m, separated from each other by
visibility gaps. Between 32 and 34 m, the sedimentary succession
is mainly composed of grainstones. These levels are capped by 2 m
of mudstones and wackestones associated with a high density of
root traces (34 to 36 m). From 36 m to the top of the succession,
sedimentary pattern changes and metric marly levels are identified
between packstone beds.
The corresponding vertical evolution of physical properties
shows high variability, with porosity ranging between 5 and 35
per cent (Fig. 6b), P-wave velocity ranging between 2800 and
5600 m s−1 (Fig. 6c), and dry density ranging between 1.75 and
2.60 g cm−3 (Fig. 6d). To explain this large variability, the identi-
fication of only the primary microstructure is not sufficient, and
the relative intensity of neomorphism and dissolution is therefore
indicated (‘diagenetic features’; Fig. 6a). For the first 5 m, these two
diagenetic features seem to moderately affect the microstructure,
and intermediate values of porosity are observed (approximately 18
per cent). Between 5 and 10 m, dissolution largely dominates and is
associated with the highest values of porosity (∼35 per cent). Then,
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Figure 3. (a) Paragenetic sequence highlighting the relative timing of the different diagenetic processes that modify the primary microstructures. (b) Microscopic
observations of the different diagenetic processes: 1. Microscopic PPL view of a micritized oolite observed within a peloidal and ooidal grainstone. White
arrows indicate the micritized envelopes. 2. Microscopic XPL view of neomorphosed ooids and peloids within a grainstone sample (examples indicated by
dashed with circles). Note the presence of a cement (named ‘C’) inside a pre-existing mouldic pore. 3. Corresponding microscopic CL view showing that
the neomorphosed ooids and peloids do not show any luminescence but that the cement is luminescent. 4. Microscopic PPL view of a high intensity of
mouldic pores (M) within a grainstone. Note again the occurrence of a cement within pre-existing moulds. 5. Microscopic PPL view of the low intensity of
micromouldic pores (μM) within a grainstone. 6. PPL view and 7. Corresponding CL view of a grainstone highlighting an early microgranular cement that is
non-luminescent (C1) and bright orange (C1b). 8. PPL view and 9. CL view of a concavo-convex contact between microporous peloids (dashed white circle),
highlighted by the microgranular cement (white arrow). 10. PPL view and 11. Corresponding CL view of a grainstone highlighting a microgranular cement
(C1 and C1b) and a sparry cement that is dull orange (C2) to non-luminescent (C2b).
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Figure 4. Overview of the base of the studied section. Panels 1, 2 and 3 display the different primary microstructures described previously (mudstones in
purple, wackestones in blue, packstones in green, grainstones in orange, volcanic ash layers in grey and marls in brown). Colour lines inside each texture
symbolize the stratification. Exposure surfaces combined with soil development are highlighted with red lines. Note the presence of a few normal faults that
could induce centimetric to metric displacements. The vertical scale is the same as in Fig. 6.
neomorphism increases between 10 and 12 m, whereas dissolution
decreases, as does the porosity (from 35 per cent to 7 per cent).
From 12 to 14 m, the intensity of the neomorphism and dissolution
processes fluctuates, as does the porosity (between 15 per cent and
25 per cent). In the second part of the sedimentary column, the
diagenetic modifications are mainly dominated by neomorphism,
which is intense between 23 and 24 m, 26 and 29 m, 35 and 36 m,
and at approximately 39 m. These levels are characterized by rela-
tively low porosity values (minimum of 5 per cent). Finally, layers
at the top of the sedimentary succession are associated with higher
values of porosity (maximum of 30 per cent) related to dissolution
and less intense neomorphism.
Along the whole sedimentary succession, the vertical variations
in porosity are anticorrelated with P-wave velocity and density
(Figs 6b–d). In addition, thanks to the P-wave velocity and density
measurements, the AI is computed (Fig. 6e), and a 1-D seismogram
is processed (Fig. 6g). In our case, hard kicks (positive amplitude
reflectors) are in red and display a downward increase in the acoustic
impedance and positive reflectivity coefficients (SEG normal con-
vention, e.g. reflector H9). Conversely, soft kicks (negative ampli-
tude reflectors) are in blue and correspond to a downward decrease
in the acoustic impedance and negative reflectivity coefficients (e.g.
reflector S9). In the lower 5 m of the column, AI shows very high
frequency variations without any metre-scale trend. This results in
low-amplitude reflectors in the 500 Hz synthetic seismic data (S1,
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Figure 5. Simplified depositional model. All the microstructures described previously are displayed. Clotted mudstones and wackestones (M1) are grouped into
a low energy domain. Peloidal and ooidal packstones (M2) and grainstones (M3) are associated with a marginal domain, possibly affected by hydrodynamism.
Silty packstones (M4) are located close to a possible siliciclastic supply in the marginal domain. Root-rich microstructures are gathered within a palustrine
domain that transitions laterally into alluvial plain deposits (marls).
H1 and S2). Conversely, in the remaining part of the succession,
AI variations display lower frequency metre-scale variations that
induce higher amplitude reflectors in the 500 Hz synthetic seismic
data (H2 to S10).
Finally, combining field and microscopic observations, nine pe-
dogenic levels have been recognized (red lines in Fig. 4 and dashed
lines in Fig. 6). They correspond to exposure surfaces on which
palaeosols developed (palustrine domain in Fig. 5). Seven of them
are associated with intense neomorphism and correspond to high
P-wave velocities (approximately 5000 m s−1) and low porosity val-
ues (approximately 10 per cent). These neomorphosed pedogenic
levels are often associated with seismic reflectors.
4 D I S C U S S I O N : C O N T RO L L I N G
FA C T O R S O F P H Y S I C A L P RO P E RT I E S
I N L A C U S T R I N E – PA LU S T R I N E
C A R B O NAT E S
4.1 Sedimentary control of physical properties
The behaviour of P-wave velocity versus porosity is compared with
microstructures (Fig. 7) and mineralogy (Fig. 8). Based on the cal-
cite content (Table 1), we define three mineralogical groups: group
1 > 99 per cent, group 2 between 99 per cent and 97 per cent and
group 3 < 97 per cent. We use the Raymer–Hunt–Gardner equa-
tion (RHG; Raymer et al. 1980) to expose the classical trend of
decreasing velocities with increasing porosity for a porous calcite
framework saturated with air (eq. 1):
Vp = (1 − )2 ∗ VpCalcite +  ∗ VpFluid, (1)
where VpCalcite = 6400 m s−1 and VpFluid(Air) = 340 m s−1. RHG is an
improvement of the Wyllie Time Average equation (WTA; Wyllie
et al. 1956) that allows for a better characterization of the elastic
behaviour of consolidated rocks. Indeed, as shown by Mavko et al.
(2009), in the case of consolidated and cemented sandstones, WTA
underestimates the P-wave velocities for a given porosity, while
RHG tends to fit these data. The assumptions of RHG imply that: (i)
the characterized rocks are isotropic and monomineralic; (ii) they
do not contain any compliant crack-like pores or stiff pores; and
(iii) they are well cemented/consolidated. Using the RHG equation
enables us to compare our data set to an empirical commonly used
evolution of P-wave velocity versus porosity.
The mudstones and wackestones (M1) show P-wave values cen-
tred on 4500 m s−1 and porosity values mainly between 10 per cent
and 20 per cent (Fig. 7). Most of this data set follows the RHG
equation. This observation is in line with the microstructure, which
presents a mostly equant porosity (isotropic mixture of microporous
matrix and peloids with few moulds and no microcracks; Fig. 2) and
a pure calcite mineralogy (Table 1 and Fig. 8). Nevertheless, a few
outliers present P-wave velocities that are approximately 1000 m s−1
lower than the RHG predictions. These anomalous data can be ex-
plained by the influence of siliciclastic content (Fig. 8) that may
decrease the P-wave velocity, as previously shown by numerous
authors (e.g. Anselmetti et al, 1997; Kenter et al. 1997; Regnet et
al. 2019). In addition, the presence of palaeosols also explains some
anomalous data (see section 4.2.1).
The data set obtained for the peloidal packstones (M2) also fits
with the RHG equation (Fig. 7). The ooidal and peloidal grain-
stones (M3) exhibit the highest range of P-wave velocities and
porosity (Fig. 7). The data for this facies are in agreement with the
RHG trend for porosity values lower than 25 per cent. However, for
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Figure 6. Geological and physical properties of the studied section. On the sedimentary log, the colours represent the different primary microstructures (a). The
log is compared to the relative intensity of diagenetic features (rare to intense) and physical properties acquired on plugs. Pedogenic horizons are highlighted
with thick shaded areas capped by dashed red lines (exposure surfaces). Smooth curves with 95 per cent confidence intervals are indicated for porosity (b),
P-wave velocity (c), density (d) and acoustic impedance (e). The reflectivity coefficient is also indicated (f). A convolution with a Ricker wavelet of 500 Hz is
applied to the reflectivity coefficient to compute a synthetic seismic trace (f), highlighting the succession of hard kick in red (H) and soft kick in blue (S).
porosity values higher than 25 per cent, the data set presents values
of P-wave velocities higher than those predicted by RHG (approxi-
mately 1000 m s−1 higher). The mineralogical characterization and
petrographic work show that most of these samples present a pure
calcite mineralogy (Table 1 and Fig. 8) and contain well-defined and
non-touching spherical pores (moulds), which probably increase the
bulk incompressibility and thus the P-wave velocities, as shown by
many authors (Anselmetti & Eberli 1993; Eberli et al. 2003; Fortin
et al. 2007; Weger et al. 2009; Fig. 2b-4).
Finally, most of the silty packstone (M4) displays low P-wave
velocity values (lower than 4000 m s−1) with high porosity values
(higher than 20 per cent). Most of this data set is less than the RHG
values (approximately 1000 m s−1 less). As previously shown, their
siliciclastic content (>5 per cent; Table 1) induces a decrease in
the bulk incompressibility and controls the P-wave velocity values
(Fig. 8).
Curves of constant impedance are also shown in Figs 7 and 8.
They do not allow the distinction of primary microstructures, except
for the silty packstones, which present the lowest AI, always below
10 × 106 g cm3 m s−1. Indeed, for the other primary microstructures,
the AI is between 6 × 106 and 14 × 106 g cm3 m s−1 (Fig. 7).
4.2 Impact of diagenesis on microstructures and physical
properties
4.2.1 Pedogenic versus non-pedogenic mudstones and
wackestones
Fig. 9 shows the P-wave velocity versus porosity for pure calcite
mudstones and wackestones (M1; Fig. 2a-1). All the non-pedogenic
mudstones and wackestones are reflected by the physical properties
of the first 5 m of the log (Fig. 6); these rocks contain microporos-
ity between subrounded micrite crystals (Fig. 2c-2-3). Conversely,
for samples associated with root traces (12.2, 34.2, 35.2 and 36 m
in Fig. 6), an increase in neomorphism leads to the formation of
fused micrite that decreases the porosity (Fig. 2c-5-6), thus in-
creasing the P-wave velocity. Indeed, the boxplots of Fig. 9 aim to
clearly individualize these two microstructures: (1) most of the non-
pedogenic mudstones/wackestones show P-wave velocities lower
than 4600 m s−1 and porosities higher than 14 per cent, whereas (2)
most of the pedogenic mudstones/wackestones display P-wave ve-
locities higher than 4600 m s−1 and porosities lower than 15 per cent.
These two different behaviours of elasticity are linked with the in-
tensity of neomorphism, which implies a change in microstructures
(from subrounded to fused micrite, Figs 2c and 9), thus governing
10 C. Bailly et al.
Figure 7. Sedimentary control on P-wave velocity and porosity. The Raymer–Hunt–Gardner equation (RHG) is indicated for a pure calcite framework with 5
per cent variation (grey area). Boxplots showing the distributions of P-wave velocity and porosity are indicated and categorized by primary microstructures.
the evolution of porosity and P-wave velocity. It should be noted
that the lowest porosity samples ( < 7 per cent) of the pedogenic
mudstones/wackestones data set present lower P-wave velocities
than expected based on RHG (Fig. 9). Even if no crack-like pores
were observed during petrographic description of these samples, the
occurrence of compliant microcracks might explain these outliers.
Indeed, pedogenesis can be associated with cracking processes re-
lated to repeated exposures and root activity. Nevertheless, even if
these outliers show lower values of P-wave velocity, their AI values
remain high (approximately 12 × 106 g cm3 m s−1).
The curves of constant impedance of Fig. 9 aim to further divide
this data set. Indeed, the pedogenic mudstones-wackestones exhibit
AI values higher than 10 × 106 g cm3 m s−1, while most of the non-
pedogenic mudstones–wackestones present AI values lower than 10
× 106 g cm3 m s−1. As a consequence, the vertical stacking of neo-
morphosed and non-neomorphosed mudstones–wackestones might
induce vertical contrasts in AI, thus creating seismic reflectors.
4.2.2 Neomorphism versus dissolution processes in grainstones
Fig. 10 shows the P-wave velocity versus porosity values of peloidal
and ooidal grainstone samples (M3; Fig. 2a-3) that record differ-
ent diagenetic histories (neomorphism or dissolution; Fig. 2b-3-4).
These samples exhibit P-wave velocities ranging between 3000 and
5600 m s−1 and porosity values varying between 7 and 35 per cent.
Neomorphism-dominated samples and dissolution-dominated sam-
ples are distinguished to show the impact of diagenesis on the phys-
ical properties. Indeed, Fig. 10 shows two different end-members:
(1) one (yellow colour) is associated with high neomorphism, low
porosity values (between 7 and 23 per cent) and high velocities
(between 5600 and 4000 m s−1); (2) the other one (blue colour) is
related to high dissolution, higher porosity values (between 18 and
35 per cent) and lower velocities (between 4500 and 3000 m s−1).
Samples showing a non-negligible amount of both neomorphism
and dissolution are located between these two end-members. This
data set clearly highlights the impact of dissolution on microstruc-
tures and physical properties. Indeed, in the case of neomorphism-
dominated samples, the absence of dissolution implies low porosity
values and thus high velocities. In contrast, in the case of increas-
ing dissolution, the increasing porosity implies a decrease in the
velocity.
Curves of constant impedance are also indicated in Fig. 10.
They show that the AI for grainstones varies between 6 × 106
and 14 × 106 g cm3 m s−1. A transition between neomorphism-
dominated and dissolution-dominated samples is identified at ap-
proximately 10 × 106 g cm3 m s−1, which demonstrates that diage-
netic evolution has a direct impact on acoustic impedance. The
stronger the neomorphism is, the higher the acoustic impedance is.
Moreover, the intensity of neomorphism controls the subsequent
evolution of the microstructure. Indeed, the weaker the neomor-
phism is, the more grainstones are subject to subsequent dissolution
and are associated with lower acoustic impedance. The vertical dis-
tribution of these diagenetic phases may therefore be at the origin
of AI contrasts that produce seismic reflectors.
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Figure 8. Mineralogical control of P-wave velocity and porosity. The grey dots correspond to non-measured mineralogy. The Raymer–Hunt–Gardner equation
(RHG) is indicated for a pure calcite framework with 5 per cent variation (grey area). The data set is divided into three mineralogical groups. Boxplots showing
the distributions of P-wave velocity and porosity are indicated and classified with respect to the mineralogical groups.
4.3 Geological significance of seismic reflectors in
lacustrine carbonates
Based on our results, a conceptual model explaining the geologi-
cal controlling factors of seismic reflectors in lacustrine–palustrine
carbonates is proposed (Fig. 11). Such shallow environments are
subject to important lake and piezometric level fluctuations (Fig. 5)
that imply spatial contrasts of primary and secondary microstruc-
tures, partly related to repeated exposures associated with pedo-
genesis. Our model introduces the combined controls of primary
microstructures and diagenetic overprinting on the porosity evolu-
tion and the associated seismic reflectors (Fig. 11). It is based on
three examples taken from Fig. 6 that present different geological
controlling factors of seismic reflectors:
(1)The first example highlights diagenetic contrasts implying the
creation of two seismic reflectors on the same primary microstruc-
ture (Fig. 11a): (i) A hard kick corresponding to an exposure
surface (H9) links to a sharp boundary between overlying non-
neomorphosed silty packstones (keeping their primary porosity,
0) and underlying neomorphosed silty packstones (showing lower
porosity because of neomorphism, ∂−); and (ii) a soft kick cor-
responding to a higher porosity level (S9) due to a downward de-
crease of neomorphism (thus a downward increase in porosity) until
a non-neomorphosed silty packstone level that preserves its primary
porosity (0);
(2)The second case (Fig. 11b) highlights (i) another exposure sur-
face with similar underlying and overlying primary microstruc-
ture but with a diagenetic contrast that creates a hard kick (H4),
and this surface corresponds to a sharp boundary between non-
neomorphosed wackestones (preserving their primary porosity, 0)
and neomorphosed wackestones (displaying lower porosity caused
by neomorphism, ∂−); and (ii) a sedimentary contrast overprinted
by diagenesis displaying a soft kick (S4), which corresponds to a
boundary between partly neomorphosed wackestones (∂−) and
grainstones affected by mouldic dissolution (∂+);
(3)Finally, the third example (Fig. 11c) shows the impact of stacking
exposures on seismic reflectors, presenting (i) a sedimentary con-
trast overprinted by diagenesis that creates a hard kick (H8), cor-
responding to a boundary between non-neomorphosed silty pack-
stones (preserving their primary porosity, 0) and neomorphosed
wackestones (with lower porosity caused by diagenesis, ∂−),
again related to an exposure surface; and (ii) an attenuated soft
kick (S8) associated with the occurrence of another exposure sur-
face that implies low porosities as above (∂−), thus preventing
a geological vertical contrast even if grainstones partly affected by
mouldic dissolution are located below (∂+).
These three different cases outline the impact of the vertical dis-
tribution of primary microstructures, that is, the sedimentary con-
trasts between mud-supported (mudstones and wackestones) and
grain-supported microstructures (packstones and grainstones) on
the generation of seismic reflectors. These sedimentary contrasts
may be overprinted by diagenetic processes, forming physical con-
trasts between non-diagenetically modified microstructures (0),
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Figure 9. P-wave velocity versus porosity, showing the influence of neomorphism for pure mudstones/wackestones (M1). Pedogenic and non-pedogenic
mudstones/wackestones are differentiated with colours (purple and blue, respectively). The Raymer–Hunt–Gardner equation (RHG) is indicated for a pure
calcite framework with 5 per cent variation (grey area). Boxplots showing the distributions of P-wave velocity and porosity are also indicated. Two SEM views
show the impact of neomorphism on the micrite structure and the physical properties.
microstructures affected by neomorphism (∂−) and microstruc-
tures affected by dissolution (∂+), leading to seismic reflectors
(Figs 6 and 11).
From a geological point of view, we suggest that palaeo-
piezometric level fluctuations control the early diagenesis described
above. Indeed, between the exposure surface and piezometric level
(see Fig. 5), the non-saturated zone (vadose zone) is associated
with the episodic percolation of meteoric water, which can favour
neomorphism processes (Buchbinder & Friedman 1980). This first
diagenetic phase could induce a huge decrease in porosity (Steinen
1978), as observed here (Figs 9 and 10). It follows the syn-
sedimentary micritization of the grains (Figs 3a and b-1) and implies
mineralogical stabilization. Conversely, early dissolution processes
could also occur, depending on the primary mineralogy of the sed-
iments and the fluid chemistry. As an example, high-magnesian
calcite or aragonite (e.g. the unstable mineralogy of ooliths) may
be dissolved by fluids that are under-saturated with respect to this
mineralogy (Buchbinder & Friedman 1980). However, grains af-
fected by early micritization and neomorphism are not dissolved,
mainly due to their stable mineralogy (low-magnesian calcite). The
early mouldic dissolution observed in this study may occur below
the piezometric level in the phreatic zone (e.g. caused by a mixing
between meteoric and lacustrine waters) only if the grains are not
previously modified by micritization and neomorphism. In all cases,
the relationships between sedimentary, diagenetic and physical con-
trasts of lacustrine–palustrine carbonates are obvious.
As a rule, the primary microstructure and mineralogy of the sed-
iments (stable versus unstable) can impact its diagenetic evolution
related to the fluctuations of the lake level (Fig. 5), thus controlling
physical property contrasts and the generation of seismic reflec-
tors (Figs 6 and 11). Exposure surfaces manifest as a hard kick if
neomorphism processes are well developed below it, that is, expo-
sure surfaces imply a downward increase in the acoustic impedance
(related to a downward decrease in porosity) and thus a positive
reflectivity coefficient (Fig. 6; H4, H8 and H9). In contrast, the ab-
sence of early neomorphism (related to the preservation of primary
microstructure or with an enhanced porosity caused by dissolu-
tion) induces the formation of a soft kick, that is, diagenetic and
sedimentary contrasts overprinted by diagenesis imply a downward
decrease in the acoustic impedance (related to a downward increase
in porosity) and thus a negative reflectivity coefficient (Fig. 6; S4,
S5, S9 and S10). Furthermore, as stated by Bohacs et al. (2000),
climate forcing and tectonic setting are the first-order controlling
factors of lake sedimentation and strongly govern the hydrology of
continental basins (e.g. water chemistry, rainfall and evaporation).
As a consequence, the combination of structural setting (e.g. uplift
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Figure 10. P-wave velocity versus porosity, showing the influence of diagenesis for grainstones (M3). Neomorphism-dominated samples are in yellow,
and dissolution-dominated samples are in blue. Samples showing both significant evidence of neomorphism and dissolution are highlighted in green. Four
photomicrographs display examples of the same primary microstructures with different intensities of diagenetic modifications. Curves of constant impedance
are indicated in grey. The Raymer–Hunt–Gardner equation (RHG) is indicated for a pure calcite framework with 5 per cent variation (grey area).
proposed by Ring et al. 1999) and climate influence (e.g. increasing
aridity proposed by Owen et al. 2011) are suggested as potential
indirect controlling factors of seismic reflectors for lacustrine and
palustrine carbonates.
5 C O N C LU S I O N
In this paper, we compare the microstructures and physical prop-
erties of lacustrine–palustrine carbonates in a sedimentary column.
Based on petrographic work, we define different primary (i.e. sed-
imentary) and secondary (i.e. diagenetic) microstructures. P-wave
velocity and porosity data are compared to the Raymer–Hunt–
Gardner equation, which displays the typical decreasing velocity
for increasing porosity in the case of consolidated and cemented
pure calcite rocks, and the results show the following:
(1)Most of the data set fits with RHG prediction. The pure mud-
stone/wackestone matched well with RHG. Silty packstones ex-
hibit lower velocities than RHG, mostly due to their mineralogical
content, as evidenced by XRD analyses (>5 per cent of siliciclas-
tic minerals). In contrast, some ooidal and peloidal grainstones
present higher velocities than RHG, showing the control of stiff
pores (mouldic porosity). Nevertheless, the identification of only
primary microstructures does not allow them to be differentiated on
a velocity–porosity plot because of their large variability in porosity
(between 5 per cent and 35 per cent) and P-wave velocity (between
5600 and 2800 m s−1).
(2)Considering the microstructure in the light of diagenesis aims
to underline two important processes that impact the physical
properties: neomorphism and dissolution. Neomorphism allows
the recrystallization of muddy microstructures (development of
fused micrite) and micritized ooids and peloids of grain-supported
microstructures (packstones and grainstones) that produce a de-
crease in porosity, thus increasing the P-wave velocity. Conversely,
mouldic dissolution increases the porosity, thus decreasing the P-
wave velocity (mainly observed in the peloidal and ooidal grain-
stones). These two diagenetic processes control the acoustic prop-
erties of lacustrine and palustrine carbonates and can be clearly
differentiated on the velocity–porosity plots for each primary mi-
crostructure.
Using our data set, we compute a 1-D seismogram. For convo-
lution, we apply a Ricker wavelet of 500 Hz using the SEG con-
vention, giving us a metre-scale resolution comparable to that of
high-resolution crosswell seismic. The identified seismic reflectors
correspond to contrasts in acoustic impedance with geological sig-
nificance:
(1)Hard kicks correspond to downward increases in acoustic
impedance and thus decreases in porosity. They are often associated
with contrasts between non-modified primary microstructures and
highly neomorphosed microstructures. They correspond to expo-
sure surfaces related to palaeosols.
(2)Conversely, soft kicks correspond to downward decreases in
acoustic impedance and thus increases in porosity. They are as-
sociated with diagenetic contrasts (e.g. neomorphosed wackestones
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Figure 11. Geological significance of high-resolution seismic reflectors. Primary microstructures and intensities of diagenetic processes are displayed and
associated with the porosity evolution (∂−, 0 and ∂+). (a) Impact of the neomorphosed interval below the exposure surface on seismic reflectors displayed
on the same primary microstructure. (b) Seismic reflectors controlled by a combination of primary microstructure contrasts overprinted by diagenetic contrasts.
(c) Influence of exposure surface stacking on seismic reflectors.
versus non-modified wackestones) and sedimentary contrasts that
can be overprinted by diagenesis (e.g. neomorphosed wackestones
versus mould-rich grainstones).
It must be noted that the primary microstructures and their
primary mineralogy (e.g. low-magnesian calcite versus high-
magnesian calcite or aragonite) control the subsequent diagenetic
expression. Indeed, mud-supported carbonates (e.g. mudstones and
wackestones) may be more subject to neomorphism than grain-
supported carbonates (e.g. packstones and grainstones). Conversely,
grain-supported carbonates are more prone to dissolution than the
mud-supported carbonates if they are not previously modified by
early micritization and neomorphism. Indeed, these two early dia-
genetic processes imply a mineralogical stabilization of the grains
that prevents subsequent dissolution. Consequently, high-resolution
seismic reflectors of lacustrine–palustrine carbonates depend on the
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spatial contrasts of primary microstructures overprinted by early di-
agenesis that may be linked with lake palaeohydrology.
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